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Glossary
Broad complex/tramtrack/bric-a-brac (BTB) protein
family A protein superfamily that is involved in the
recognition of protein substrates that are targeted for
ubiquitin-dependent proteasome degradation. In
Arabidopsis, BTB proteins interact with CUL3 and RBX1 to
form a complex with E3 ligase activity, recognizing the
target substrate and catalyzing the transfer of the ubiquitin
group from an E2-conjugating enzyme to the substrate. BTB
proteins bind CUL3 through their BTB domain and confer
substrate-selectivity in their protein–protein interaction
domain.
Epinasty Downward curvature of the leaves due to
enhanced growth of the upper (adaxial) side of the leaf and
petiole compared to the lower (abaxial) side. This feature is
typically observed in plants growing in unfavorable
conditions such as waterlogging or salt stress and is
regulated by ethylene.
Exoribonuclease Enzymes that degrade RNA through
removal of nucleotides, indispensable for RNA
metabolism. Two types, 50-30 or 30-50 exoribonucleases,
occur depending on the end of the nucleotide chain on
which the enzyme acts.
F-box protein Protein that is part of the Skp1-Cullin1-F-
box protein (SCF) E3 ubiquitin–ligase complex that targets
proteins for degradation in the 26S proteasome. It contains
the F-box domain, which binds the Skp1 partner and
a substrate-binding domain which confers target speciﬁcity.
F-box proteins are encoded by one of the largest multigene
families in Arabidopsis.
Hypersensitive response Early defense response to
pathogen infection in plants that leads to cell death and
necrosis and thereby limits the food source for pathogens,
which in turn prevents further pathogen spreading.
Hyponasty Upward orientation of leaves due to enhanced
growth of the lower (abaxial) side of the leaf and petiole
compared to the upper (adaxial) side. This feature is
typically observed in shaded plants or plants that need to
cope with stresses such as ﬂooding or elevated temperature
and is regulated by ethylene.
Necrotrophic fungi Pathogenic fungi that kill their host to
obtain the desired nutrients and do not need live plant
tissue to complete their lifecycle. Usually these pathogens
secrete toxins, enzymes that degrade cell walls and reactive
oxygen species to facilitate infection and degrade plant
tissue.
N-RAMP metal ion transporters The natural resistance-
associated macrophage protein (NRAMP) metal ion
transporters are a ubiquitous family of metal ion
transporters that are implicated in metal homeostasis.
N-RAMP genes share high sequence similarity and are
highly conserved among bacteria, plants, fungi, and
animals. In plants, N-RAMP homologs such as EIN2,
carrying a strong structural similarity in its membrane-
spanning domain, have been discovered as well.
P-bodies P-bodies or processing bodies are domains in the
cytoplasm of eukaryotic cells that play a role in post-
transcriptional regulation. Different enzymes and non-
coding RNA molecules that play a role in degradation of
mRNA, repression of translation, and storage of mRNA,
that will reinitiate the translation process, colocalize in
P-bodies together with mRNA or mRNP (messenger
ribonucleoprotein) species.
Parthenocarpy The development of fruit without actual
fertilization of the ovules. Parthenocarpic fruit is
seedless and can develop naturally in certain species or
can be induced artiﬁcially, for instance by hormone
treatment.
PLP-dependent enzymes Pyridoxal-50-phosphate (PLP)-
dependent enzymes represent proteins that require PLP or
vitamin B6 for their enzymatic function. These enzymes
vary in their function, but play vital roles within all
organisms. Typically, PLP-dependent enzymes catalyze
enzymatic conversions such as transamination reactions,
decarboxylation, deamination, and so on.
Programmed cell death Programmed cell death (PCD) or
apoptosis is the consequence of a speciﬁc sequence of
intracellular processes that lead to controlled cell death (in
contrast with necrosis). It is a natural phase during
development and aging, but can also occur as a defense
response. It consists of cell shrinkage, nuclear
condensation, and subsequent degradation of the nucleus
and DNA, and eventually leads to breakage of the cell into
several vesicles (apoptotic bodies) that undergo
phagocytosis.
Raf kinase Protein that belongs to a family of serine/
threonine protein kinases that are able to phosphorylate
serine and threonine residues. Raf kinases are related to
retroviral oncogenes in animals (RAF, Rapidly Accelerated
Fibrosarcoma) and function in the mitogen-activated
protein kinase signaling cascade, common to most
organisms.
Reactive oxygen species (ROS) A series of reactive
molecules and free radicals derived from oxygen, that are
predominantly generated as by-products of mitochondrial
electron transport in aerobic species. ROS include,
among others, superoxide radical ion, hydrogen peroxide,
and hydroxyl radical. Due to their reactive properties, ROS
can induce DNA damage, oxidize lipids and proteins and
lead to cell death. Therefore aerobic species have developed
several detoxiﬁcation and sequestration mechanisms.
Two-component system A type of signal transduction
mechanism that consists of two components. A histidine
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kinase component senses an environmental stimulus
which results in autophosphorylation at a histidine
residue. Subsequently, the phosphate group is transferred
to an aspartate residue in the response regulator. This
mechanism is typical for prokaryotic organisms, but several
variants also occur in eukaryotic species.
Abbreviations
1-MCP 1-methylcyclopropene
ACC 1-aminocyclopropane-1-carboxylic acid
ACO ACC oxidase
ACS ACC synthase
AIB a-aminoisobutyric acid
AOA aminooxyacetic acid
AVG aminoethoxyvinylglycine
C-END C-terminal end
CTR CONSTITUTIVE TRIPLE RESPONSE
EBF ETHYLENE INSENSITIVE3 BINDING F-BOX
EIN ETHYLENE INSENSITIVE
ERF ETHYLENE RESPONSE FACTOR
ETR ETHYLENE RESISTANT
Met Methionine
MTA 50-methylthioadenosine
ppm parts per million
SAM S-adenosylmethionine
History of Ethylene Research
Ethylene is a simple volatile plant hormone, not only produced
by higher plants, but also by algae, bacteria, and fungi. Long
before it was documented as a plant hormone, people were
already beneﬁting from its promotive effect on fruit ripening.
In Egypt, Israel, and several other Mediterranean countries,
the sycamore ﬁg (Ficus sycomorus L.) was introduced, dating
back as far as 3000 BC. In these arid regions, the sycamore ﬁg
was primarily valued as a shade tree and its wood was utilized
for various purposes. However, due to the lack of its native
pollinator wasp, the sycamore ﬁg was unable to complete its
reproductive cycle and set fruit. New individuals were gener-
ated using vegetative propagation. To obtain edible fruit,
ancient cultures employed gashing (wounding the immature
fruits with a special knife), to induce and accelerate ripening,
which resulted in enlarged parthenocarpic fruits. In the nine-
teenth century, coal gas was used as a source of illumination,
which was transported through underground pipelines. In
1864, Girardin discovered that trees growing near these pipe-
lines exhibited early senescence and leaf abscission, due to
gas leakages, and detected the presence of ethylene. In 1901,
the Russian physiologist Dimitry Neljubov documented that
dark-grown pea (Pisum sativum) seedlings experienced hori-
zontal bending of the epicotyl in the presence of illumination
gas and attributed this phenotype to the action of ethylene and
acetylene present in the gas mixture. Since then, several studies
have conﬁrmed this work and documented additional growth
effects mediated by ethylene, including the triple response
(see below). Actual proof that ethylene is a native plant growth
regulator came from the work of Gane. He detected that
ethylene could be produced by apples during ripening.
An additional eight decades of research have learned that
ethylene plays a central role in almost every aspect of plant
development, including germination, vegetative growth,
ripening, senescence, abscission, and stress responses. Its phys-
iological effects are already observable when trace amounts of
ethylene are applied. Concentrations as low as 0.1–1 ppm are
able to affect fruit ripening and induce the triple response
phenotype. This phenotype is characterized by reduced elonga-
tion of the hypocotyl and root, radial swelling of the hypocotyl,
and an exaggerated curvature of the apical hook, and was
exploited as a bioassay to genetically identify components in
the ethylene pathway.
Presently, we have a clear understanding of the physiolog-
ical effects mediated by ethylene in planta, its biosynthesis, its
signal transduction, and how this is regulated, especially in
model plants, such as Arabidopsis thaliana (Arabidopsis) and
tomato (Solanum lycopersicum). With the emergence of new
techniques, such as cost-efﬁcient next-generation sequencing,
one can only imagine that our knowledge on ethylene signaling
will further expand at a rapid pace and extend beyond the tradi-
tional model species. Given the central role of ethylene in plant
life, these developments will be of a great value for the agri- and
horticultural industries.
Biosynthesis of Ethylene
The investigation of the ethylene biosynthetic pathway in
ﬂowering plants was initiated by Adams and Yang almost
40 years ago. The biological precursor of ethylene in plants
is methionine (Met), an essential amino acid required for
protein synthesis. In the ﬁrst step, Met is converted to
S-adenosyl-methionine (SAM) through the action of
the enzyme S-adenosyl-methionine synthetase (Figure 1).
The pool of available SAM is not solely used for the
generation of ethylene; it is also a major cofactor in
methylation reactions and is implicated in polyamine
synthesis. Ethylene is subsequently produced from SAM by
two enzymatic conversions. Firstly, 1-amino-cyclopropane-
1-carboxylic acid (ACC) and 50-methylthioadenosine
(MTA) are released from SAM by ACC synthase (ACS),
a pyridoxal-50-phosphate-dependent enzyme that catalyzes
the rate-limiting step in most tissues. In Arabidopsis, ACS is
encoded by a multigene family of 10 genes, one of which is
a pseudogene, and one encoding a nonfunctional protein,
while in tomato, nine ACS genes have been cloned.
404 Regulators of Growth j Ethylene
ACS proteins are classiﬁed in three subclades depending on
changes in the regulatory domain of the protein. Met is
recycled from the by-product MTA in a series of enzymatic
reactions called the Yang cycle, to sustain a constant pool of
Met. Furthermore, in this way high rates of ethylene
synthesis can occur even at low Met levels. Secondly, in the
presence of oxygen, ACC is converted to ethylene by ACC
oxidase (ACO), encoded by a small multigene family of ﬁve
putative members in Arabidopsis, two of which have been
characterized; likewise, ﬁve ACO genes have been identiﬁed
in tomato. In addition to ethylene, carbon dioxide (CO2)
and cyanide (HCN) are released as by-products. To cope
with the harmful effects of the latter, rapid detoxiﬁcation of
HCN to b-cyanoalanine occurs by b-cyanoalanine synthase.
All plant tissues are able to form ethylene from ACC, but the
ethylene level is generally kept low and is dependent on the
developmental stage, species, and tissue-type. Two distinct
mechanisms of regulation can occur: (1) feedback-inhibition
Figure 1 Schematic overview of the ethylene biosynthetic pathway. L-methionine is converted to S-adenosyl-methionine (SAM) by SAM synthetase
(brown) with the requirement of adenosine triphosphate (ATP) (indicated by the arrow-headed lines). SAM is then converted to ethylene in two
enzymatic steps (green). Firstly, 1-aminocyclopropane-1-carboxylic acid (ACC) is released through the action of ACC synthase (ACS), along with
50-methylthioadenosine (MTA) as a by-product. Methionine is recycled from the latter by a series of enzymatic steps, referred to as the Yang cycle
(orange; indicated by dotted line). ACC can be conjugated to deplete the pool of free ACC (brown). ACC is converted to ethylene by ACC oxidase
(ACO), which requires oxygen (O2) and releases carbon dioxide (CO2) and hydrogen cyanide (HCN) as by-products. HCN is detoxiﬁed to
b-cyanoalanine. Inhibitors of speciﬁc biosynthetic steps are shown in red and marked with bar-headed lines with: AVG: aminoethoxyvinylglycine;
AOA: aminooxyacetic acid; CO2: carbon dioxide; Co2þ: cobalt ion; AIB: a-aminoisobutyric acid.
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of biosynthesis to prevent supraoptimal levels of ethylene
during vegetative growth and (2) auto-catalysis of biosynthesis
for rapid induction of ethylene production in response to stress
or during ripening. Both patterns rely on the regulation of
a different subset of ACS enzymes. ACS protein activity levels
can be regulated posttranslationally by reversible phosphoryla-
tion and proteasome-dependent degradation, mediated by
distinct regulatory factors. For instance, the ethylene overpro-
ducer mutant eto1 is mutated in a gene that encodes a member
of the broad complex/tramtrack/bric-a-brac (BTB) protein
family that recognizes the C-terminal TOE (Target of ETO1)
motif of subfamily II ACS enzymes and targets it for
ubiquitin-dependent proteasome degradation. Secondly, the
level of ACS or ACO transcripts is also subject to several
endogenous and external cues. Auxin and several other
hormones, light, ozone, mechanical stimuli, wounding, and
various other stresses can affect ACS expression. Similarly,
ACO gene expression can also be inﬂuenced. During tomato
ripening, the expression of ACO1 is substantially increased to
sustain enhanced levels of ethylene. Notably, ACC can also
be conjugated to malonyl-ACC (MACC), g-glutamyl-ACC
(GACC), and jasmonyl-ACC (JA-ACC), depleting the pool of
free ACC for ethylene biosynthesis.
Ethylene Signaling
Presently, the canonical ethylene signaling pathway is well
characterized, mainly through mutant analysis based on the
triple response phenotype in Arabidopsis. The elucidation of
components involved was conducted by analyzing mutants
that either phenocopy the triple response in the absence of
exogenous ethylene or display an insensitive phenotype in
the presence of ethylene.
In Arabidopsis, ethylene is perceived at the membrane of the
endoplasmic reticulum by a family of ﬁve transmembrane
receptors ETHYLENE RESISTANT1 and 2 (ETR1, ETR2)
ETHYLENE RESPONSE SENSOR1 and 2 (ERS1, ERS2), and
ETHYLENE INSENSITIVE4 (EIN4) which share a strong simi-
larity with bacterial two-component systems (Figure 2(a)).
At the N-terminus the receptors contain an ethylene-binding
site; the C-terminal end is required for interaction with
downstream signaling components. The ethylene receptors
are negative regulators of ethylene responses. Dominant
gain-of-function mutants are insensitive to ethylene
treatment, while loss-of-function single mutants confer little
change in sensitivity, due to functional redundancy. A
copper cofactor is required for receptor functionality, which
is delivered by a metal transporter, RESPONSIVE TO
ANTAGONIST1 (RAN1). Furthermore, REVERSION TO
ETHYLENE INSENSITIVITY1 (RTE1) is also required for
receptor functionality as it facilitates the transition of the
receptors from the inactive to the active state. Downstream
of these receptors, both positive and negative regulators of
ethylene signaling act. CONSTITUTIVE TRIPLE RESPONSE1
(CTR1), a Raf-kinase homolog, is a negative regulator that
is bound to the receptors and disables ETHYLENE
INSENSITIVE2 (EIN2), an N-RAMP metal transporter-like
protein, from activating downstream components. It was not
until recent years that the precise mechanism regarding
CTR1, EIN2, and the receptors was elucidated. The
C-terminal end (C-END) of EIN2 is phosphorylated in
response to activated CTR1, leading to a repression of EIN2-
mediated accumulation of ETHYLENE INSENSITIVE3 (EIN3)
and EIN3-LIKE1 (EIL1) transcription factors. When ethylene
is perceived, the receptors become derepressed, which
subsequently inactivates CTR1 (Figure 2(b)). As a result, the
C-END of EIN2 is not phosphorylated and is cleaved from
the transmembrane portion of the protein. This cytoplasmic
portion is then translocated to the nucleus where it
promotes accumulation of EIN3/EIL1 transcription factors
that subsequently form homodimers and bind to the
promoter regions of ethylene-responsive genes to affect gene
expression.
Similar to ethylene biosynthesis, signal transduction is also
tightly regulated to cope with and respond to different condi-
tions. Activated ethylene signaling triggers the expression of
ETR2,ERS1, andERS2, resulting indesensitizationof the ethylene
signal. Secondly, in the absence of ethylene, EIN2 is inactivated
by CTR1 and is targeted for degradation in the 26S proteasome
by two F-box proteins ETHYLENE INSENSITIVE2 TARGETING
PROTEIN1/2 (ETP1/2) (Figure 2(a)). In response to ethylene,
ETP1/2 levels are downregulated. Downstream of EIN2,
a comparable form of posttranslational regulation occurs.
When the ethylene pathway is not activated, F-box proteins
ETHYLENE INSENSITIVE3 BINDING F-BOX1/2 (EBF1/2) target
EIN3/EIL1 transcription factors for degradation in the
26S proteasome (Figure 2(a)). Conversely, when ethylene is
perceived, EIN2-dependent rapid degradation of EBF1/2 occurs,
followed by an accumulation of EIN3/EIL1 transcription factors
in the nucleus, driving transcription of ethylene-responsive
genes (Figure 2(b)). Recently, the research groups of Alonso
and Guo discovered a mechanism in which the EIN2 C-END
inhibits translation of EBF1/2 and targets EBF1/2 mRNA for
degradation in P-bodies, partly in cooperation with the 50/30
exoribonuclease, EXORIBONUCLEASE4/ACC INSENSITIVE
1/ETHYLENE INSENSITIVE5 (XRN4/AIN1/EIN5).
Physiological Effects of Ethylene
The Growth Regulator
Plants are sessile organisms and therefore germination should
only occur when the environment is favorable for growth. This
key stage in plant life is therefore tightly coregulated by several
plant hormones, mainly gibberellins (GAs) and abscisic acid
(ABA), and a number of environmental cues. However, in
many species ethylene is also involved in the release of
dormancy and the onset of germination. An increase in
ethylene production, characterized by enhanced expression of
ethylene biosynthesis genes occurs upon germination, with
a crucial role for ACO genes. Furthermore, ethylene-insensitive
mutants etr1-2 and ein2-44/era3-1 display postponed germina-
tion, while ethylene overproducers such as eto1-1 and the
constitutive ethylene mutant ctr1-1 show accelerated release
of dormancy. However, the direct effects on seed germination
are still poorly understood, though tight interaction with other
hormones is evident.
Vegetative growth is governed by cell division and cell
elongation, both of which are affected by ethylene. The
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ethylene-induced triple response phenotype, therefore, serves
as an elegant tool to study such processes. During apical
hook development, ethylene promotes cell division in the early
phase of hook formation resulting in more cells at the outer
side of the apical hook. In roots, the contribution of ethylene
on cell division is less clear. Although previous reports state
that ethylene does not affect mitotic activity in the root meri-
stem, a recent study describes an inhibitory effect of ethylene
on cell proliferation in the root apical meristem, resulting in
smaller root meristems. On the other hand, ethylene inhibits
root elongation even further by decreased cell elongation.
This effect is a result of a tight interaction with auxin and is
commonly referred to as the auxin–ethylene circle. Likewise,
ethylene also affects hypocotyl growth in darkness by inhibi-
tion of longitudinal cell elongation and stimulation of radial
cell expansion, resulting in shortened radially swollen hypo-
cotyls. Downstream, cell elongation is mediated by rearrange-
ment of the cytoskeleton, through microtubule reorientation,
and changes in the composition of the cell wall, both of which
are affected by ethylene. It is noteworthy to mention that
ethylene is also able to stimulate elongation in light-grown
hypocotyls, primarily in aquatic species and during ﬂooding,
and promotes root hair formation and elongation.
The Aging Hormone
Besides effects on vegetative growth processes, ethylene is
considered the plant’s aging hormone, because of its profound
effects on ripening, abscission, and senescence. Ethylene is well
known as a ripening agent of climacteric fruit. Fruits are classi-
ﬁed on a continuum ranging from truly climacteric to noncli-
macteric, related to physiological changes during ripening.
‘Climacteric’ fruit (e.g., banana, apple, pear, mango, and
avocado) is characterized by a respiratory burst and a dramatic
increase in ethylene production, as evidenced by upregulation
of ACS and ACO gene expression. This results in alterations in
Figure 2 Overview of the ethylene signaling pathway. Ethylene is perceived at the endoplasmic reticulum (ER). Through a series of signaling
proteins, the signal is transduced to the nucleus, where it initiates the transcription of ethylene-responsive genes. (a) Ethylene signaling network in
the absence of ethylene (‘repressed’ state). (b) Ethylene signaling network in the presence of ethylene (‘derepressed’ state). (c) Ethylene perception
inhibitors Agþ or 1-MCP are able to block ethylene signaling. Abbreviations: 1-MCP: 1-methylcyclopropene; Agþ: silver ion; C-END: C-terminal end;
C2H4: ethylene; CTR1: CONSTITUTIVE TRIPLE RESPONSE1 (negative regulator); Cu2þ: copper ion (cofactor); EBF1/2: ETHYLENE INSENSITIVE3
BINDING F-BOX (F-box proteins); EIN2: ETHYLENE INSENSITIVE2 (ER membrane-bound positive regulator); EIN3/EIL1: ETHYLENE INSENSITIVE3/
EIN3-LIKE1 (transcription factors, positive regulators); EIN4: ETHYLENE INSENSITIVE4 (receptor, negative regulator); EIN5: ETHYLENE
INSENSITIVE5 (exoribonuclease); ERS1/2: ETHYLENE RESPONSE SENSOR1/2 (receptors, negative regulators); ETP1/2: ETHYLENE INSENSITIVE2
TARGETING PROTEIN1/2 (F-box proteins); ETR1/2: ETHYLENE RESISTANT1/2 (receptors, negative regulators); RAN1: RESPONSIVE TO
ANTAGONIST1 (Golgi-localized copper transporter); RTE1: REVERSION TO ETHYLENE INSENSITIVITY1 (membrane-bound protein, necessary for
receptor functionality).
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cell wall composition, leading to fruit softening and color
changes. Moreover, in ﬂeshy fruits, accumulation of sugars
and increase in ﬂavor and aroma are also stimulated by
ethylene. The ripening process of ‘nonclimacteric’ fruit, such
as orange, watermelon, cherry, raspberry, and so on is predom-
inantly controlled by ABA and does not involve such a dramatic
increase in ethylene production, nor does it implicate the respi-
ratory burst, although there still are ethylene-dependent
ripening-related processes. In citrus fruits, for instance, ethylene
mediates chlorophyll degradation leading to degreening of
the peel.
Abscission or the shedding of particular plant organs is
a crucial part of plant life. Leaves can be abscised during
fall, ﬂowers are shed after pollination, and immature fruit
can be abscised to reallocate nutrients and preserve optimal
growth for the remaining developing fruit. Although ABA
has long been thought to be the primary agent for abscis-
sion, ethylene is considered nowadays as the primary abscis-
sion hormone. The decision to initiate abscission of an
organ is determined by the ethylene–auxin balance at the
site of abscission and is stimulated by an array of signals,
such as pollination, ripening, wounding, senescence, and
ozone. This leads to a decrease in auxin and enhanced sensi-
tivity to ethylene with a concomitant increase in biosyn-
thesis, eventually leading to shedding of the distal organ.
Large parallels can be drawn between factors that affect
abscission and those that regulate aging or senescence.
Furthermore, senescence can be a cause for abscission, but
not vice versa. Senescence initiates with a cell death signal
that increases the production of ethylene which subse-
quently activates a transcriptional cascade leading to the
expression of genes involved in cell wall modiﬁcation, prote-
olysis, reactive oxygen species accumulation, and degrada-
tion of DNA and RNA, eventually leading to cell death.
Both abscission and senescence are of the utmost impor-
tance for postharvest management of food crops and the
horticultural industry.
The Stress Hormone
Lastly, ethylene is also implicated in stress and defense
responses. Both abiotic and biotic stressors can lead to an
increased production of ‘stress ethylene,’ which is visible by
an upregulation of ACS and ACO genes, activation of the
signaling network, and expression of ETHYLENE RESPONSE
FACTOR (ERF) genes. Several stress-related symptoms are
therefore reminiscent of an ethylene phenotype and include
senescence, abscission, loss of chlorophyll, hyponasty, or
epinasty, among other features. External cues able to enhance
stress ethylene include freezing, ﬂooding, drought stress,
mechanical wounding, ozone, and salt stress. Upon biotic
stress, such as pathogen infection by necrotrophic fungi, plants
initiate programmed cell death, called the hypersensitive
response (HR), to prevent further infection. A concomitant
rapid induction of ethylene biosynthesis occurs, which can
lead either to enhanced resistance toward the pathogen or
increased susceptibility, depending on the pathogen and condi-
tions upon infection. Ethylene acts in cooperation with other
hormones such as jasmonic acid, both being indispensable
for the activation of plant defense genes.
Control of the Ethylene Status
Given the prime role of ethylene in all phases and processes in
plant development, it is evident that control of certain ethylene
responses remains an important topic in agricultural and horti-
cultural research. Stimulation or inhibition of ethylene status
can be desirable in a range of processes that affect yield, growth,
ripening, or quality of plants. In harvest management, promo-
tion of ethylene can be employed for accelerated ripening of
climacteric fruit to synchronize fruits before sale or to inhibit
ripening-related processes to decrease yield losses upon trans-
portation or storage. Likewise, abscission of leaves, petals,
and fruit can be desired in order to facilitate harvesting or real-
locate nutrients to the remainder of fruits for optimal growth,
whereas shedding of petals should be minimized in the orna-
mental industry and abscission of fruits and nuts should be
restricted to enhance harvesting efﬁciency. In certain cereal
crops (e.g., wheat, barley), lodging (bending of the stem in
response to external stimuli) can result in signiﬁcant yield los-
ses. Stimulation of the ethylene response will inhibit vegetative
growth, but results in a net increase in yield by prevention of
lodging, since the stem will become sturdier. Similarly,
ethylene is also used to inhibit vegetative growth in ornamental
plants, to optimize plant stature in accordance with marketing
requirements. Several tools to manipulate ethylene status,
ranging from environmental to chemical control and trans-
genic strategies, are discussed below.
Environmental Control of Ethylene
There can be considerable delay between fruits and vegetables
being harvested and when they are on the market. From
a commercial point of view, only produce of sufﬁcient quality
can be sold to the customers. Therefore, the ethylene status
during handling and storage needs to be regulated to ensure
adequate ripening or prevent senescence. Ethylene levels as
low as 0.1 ppm are able to initiate ripening in climacteric fruit;
therefore, these should be tightly controlled in closed environ-
ments (storage places, refrigerators, etc.). Climacteric fruits also
need ethylene to complete their ripening process, requiring
considerable amounts (10 ppm, but species-speciﬁc) to be
present in the closed environment. During handling and storage,
CO2 is also produced as a consequence of respiration, with
a dramatic increase during the respiratory burst. CO2, at concen-
trations higher than 1%, however, is a known inhibitor of the
expression of ethylene-dependent and -independent ripening
genes, with a possible site of action at the conversion of ACC
to ethylene by ACC oxidase. Therefore, ventilation is used to
diminish CO2 levels to ensure that ripening is not inhibited.
Other factors for proper ripening include high humidity and
appropriate temperature control, with optima depending on
the species. In other cases, such as during long-term transport,
it is necessary to change these parameters to inhibit the ripening
process. In the case of transportation and storage of cut ﬂowers,
which are prone to petal abscission and senescence, a suppres-
sion of ethylene accumulation is desirable. Moreover, besides
adequate ventilation, scavenging of ethylene is also possible
through a combination of adsorption (e.g., activated carbon,
zeolites) and oxidation (e.g., KMnO4), which are used particu-
larly in the case of closed and sealed packages.
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Chemical Control of Ethylene Status
One of the most well-known inhibitors of ethylene biosynthesis
is aminoethoxyvinylglycine (AVG), an irreversible inhibitor of
PLP-dependent enzymes, such as ACC synthases, where
it effectively blocks the active site of the enzyme (Figure 1).
Commercially, AVG is available as ReTain and is used in
harvest management and horticulture in the USA; however,
AVG is not registered in the E.U. due to toxicity concerns. In
the USA it is sprayed preharvest to slow down maturation
and ripening of fruit and vegetables and increase shelf life,
decrease fruit drop in apples and some nut species, and to
increase the life of carnation ﬂowers and geraniums by a delay
in wilting. Lastly, AVG is also applied to reduce female ﬂower
abortion in certain nut species. Likewise, hydroxylamine
analogs, such as aminooxyacetic acid (AOA) also compete
with SAM for binding with the catalytic site of ACS and
could therefore also be used in similar processes (Figure 1).
However, it was demonstrated that AVG (and AOA) not only
block ACC synthases, but also other PLP-dependent enzymes,
like auxin biosynthesis enzymes or proteins involved in
nitrogen metabolism. ACO inhibitors have also been
discovered. Cobalt ions and a-aminoisobutyric acid are able to
inhibit ACO activity and are therefore useful for similar
processes (Figure 1). Inhibition of ethylene biosynthesis might
be useful to reduce endogenous levels of ethylene, but does
not provide a solution for preventing the effects of exogenous
ethylene. Blocking the signaling pathway is therefore a more
common strategy. Silver ions (Agþ), applied as silver nitrate or
silver thiosulfate, interfere with ethylene perception by
replacement of the copper ion necessary for receptor
functioning (Figure 2(c)). Silver ions have solely been used for
the delay of ethylene-induced early abscission of petals in cut
ﬂowers, mainly because the use of silver raises concerns about
effects on the soil and ecosystem. Alternatively, 1-
methylcyclopropene (1-MCP) can also be used to block
ethylene signaling. 1-MCP is a strained alkene that effectively
blocks ethylene from binding with its receptors and has been
proven useful to study ethylene physiology in food crops
and ornamental plants (Figure 2(c)). Commercially, 1-MCP is
applied to delay the ripening process in apples and pears
(SmartFresh, AgroFresh) or to increase the vase life of cut
ﬂowers (EthylBloc, Rohm & Haas). Furthermore, toxicity tests
of 1-MCP suggest a harmless mode of action, though the long-
term effects on human health still need to be studied. The sole
application method, however, remains fumigation, limiting its
applicability to treatment in closed environments, but new
developments for nonvolatile application will become rapidly
available.
Only two agonists of ethylene responses are presently
used in agri- and horticultural practices. Ethylene itself is
applied to accelerate and synchronize ripening in climacteric
fruit, such as banana and tomato, and is used to degreen
citrus fruits. Due to its gaseous state, only closed environ-
ments are suitable for ethylene application, except when it
is used as an inducer for ﬂowering in pineapple ﬁelds. Alter-
natively, 2-chloroethylphosphonic acid or ethephon, an
ethylene-releasing chemical, administered primarily through
foliar spraying and available under a wide variety of
commercial formulations, can be used. Ethephon is stable
at pH values lower than 4, but slowly decomposes at higher
pH values (e.g., pH in plant cells is higher than 6), releasing
ethylene. It is applied to accelerate fruit ripening, promote
boll opening in cotton, induce ﬂower thinning in apple,
and inhibit vegetative growth in cereal crops such as wheat
and barley, and ornamental species. Toxic residues on edible
crops, however, impose problems regarding applicability.
Recent developments in the ﬁeld of chemical genetics may
come up with new chemicals that alter ethylene responses. The
advantage of a high speciﬁcity for a particular protein target
could aid harvest management and the horticultural industry.
Genetic Control of Ethylene Status
During the past decades, substantial progress has been made in
the ﬁeld of genetics, cloning, and plant breeding. These develop-
ments have enabled researchers and the agri- and horticultural
industries to explore transgenic modiﬁcation of species with
economic value. The earliest work involved genetic modiﬁcation
of tomato cultivars that exhibited delayed ripening by blocking
ethylene biosynthesis through defective ACC synthase or ACC
oxidase expression. The introduction of an antisense copy of
the LeACS2 gene (ripening-related ACC synthase), resulted in
reduced ethylene production and, conversely, delayed ripening.
This ripening-insensitive phenotype could be reverted by treat-
ment with ethylene after merely 7 days. The latter, however
also suggested that transgenic tomato plants engineered for
a reduction of ethylene biosynthesis are still susceptible to exog-
enous ethylene. In order to produce insensitive plants, ethylene
perception should be defective. Both ethylene-insensitive
tomato and petunia (Petunia hybrida cv. Mitchell) were generated
through transgenic modiﬁcation of the NEVER RIPE and
Ph-ETR1 ethylene receptor genes, respectively. The cDNA
sequence of the dominant etr1-1 mutant gene from Arabidopsis
was cloned into both species and conferred ethylene insensitivity
leading to defective ripening in tomato and enhanced ﬂower
longevity in petunia. Several other transgenic strategies have
been conducted in different laboratories, but despite the speed
at which research and development on genetic modiﬁcation
progresses, currently no transgenic crops or ornamental plants
that are altered at the level of ethylene status are commercialized
and available to the broader public. Conversely, disease- and
herbicide-resistant fruit crops are already introduced to the
market in the USA and some other countries. Notably, one of
the earliest examples of GMO commercialization was the intro-
duction of a tomato cultivar ‘Flavr Savr’ that is altered in polyga-
lacturonase enzyme delaying spoilage.
Currently, registration and commercialization is still difﬁcult,
especially in the European Union, due to concerns involving
environmental risks and health hazards. Moreover, another
hurdle in this ﬁeld is to minimize secondary (pleiotropic) effects
induced upon alteration in ethylene biosynthesis or signaling. As
ethylene is involved in a variety of plant developmental
processes, such as root growth, it is necessary to limit these effects
when generating an ethylene-insensitive line that exhibits
decreased early senescence. Tissue-speciﬁc, for example, ﬂower-
speciﬁc promoter constructs may provide elegant solutions to
limit ethylene sensitivity solely in ﬂowers without affecting other
organs.
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See also: Abiotic Stress: Plant Responses to Waterlogging.
Plant Breeding and Genetics: Control of Gene Expression,
Posttranscriptual Regulation; Control of Gene Expression:
Regulation of Transcription; Molecular Biology of
Development. Plant Cells: Cell Division and Cell Differentiation;
Cell Growth. Plant Nutrition: Growth and Function of Root
Systems. Postharvest Biology: Flower Senescence; Genetic
Engineering for Postharvest Quality; Leaf Senescence;
Ripening; Storage. Regulators of Growth: Auxins; Jasmonates.
Seed Development and Germination: Germination.
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